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Abstract : Of the 1.24 billion people in the country, more than 
450 million people do not have access to electricity as well as over 
95,000 villages still remain dark after sunset. Even the electrified 
villages suffer power cuts of 15 hours or more on a daily basis. 
These problems compel us to resort to other energy sources that 
are inexhaustible. The paper proposes analysis and comparative 
study of Hybrid Renewable Electric System, especially 
Photovoltaic -Fuel cell hybrid system, Wind-Fuel cell hybrid 
system and Photovoltaic-Wind-Fuel Cell hybrid system with 
Hybrid Optimization Model for Electric Renewable (HOMER) 
software for distributed generation system. The model simulates 
all the above small power technologies in hybrid configurations 
to identify the optimum hybrid system with minimal cost for 
remote residential loads in the Sunderbans, India. 

Keywords - Solar Photovoltaic, Wind Turbine, Fuel Cell, 
HOMER, Cost of Energy. 

I. INTRODUCTION 

Keeping in view the present energy scenario in India, it has become 
absolutely necessary to switch to alternative sources of energy like 
solar, wind, small hydro, fuel cell and biomass for satisfying the 
ever-increasing energy demand, especially in the rural areas, where 
grid connectivity is not practically feasible. The existence of 
problems in electricity transmission in remote regions as well as its 
high cost, force us to resort to other energy sources that are 
inexhaustible. Due to the intermittent nature of solar irradiation and 
wind speed, solar- wind hybrid energy system often fail to meet the 
peak demand. 

Substantial research work on this field has been found in the 
literature. The coordination control problem for a hybrid distributed 
energy generation system consisting of a PMSG,PV array and a 
proton exchange membrane fuel cell (PEMFC) stack to supply 
continuous power to the stand-alone loads has been investigated by 
Xiao Li et al. [1]. A methodology for cost minimization of a stand- 
alone hybrid energy system including PV arrays/wind turbines/fuel 
cells through the overall 20 -years life time of the system by 
considering reliability constraints has been postulated by Sajjad 
Abedi et al. [2] in their paper. Differential evolutionary algorithm 
is employed to solve the mixed integer nonlinear optimization 
problem. Milana Trifkovic et al. [3] propounded system integration 
and controller design for power management of a stand-alone 
renewable energy hybrid system in Lambton College, Ontario, 
Canada. A hierarchical control system consisting of a supervisory 
controller and local controllers for the PV, wind, electrolyzer and 
fuel cell units is implemented. A scheme to integrate different 
sources of energy into a hybrid energy system consisting of wind 
generator, PV arrays, a fuel cell and an ultra-capacitor bank for 
stand-alone power applications has been presented by C. Patsios et 
al. [4] .The system operation is highly influenced by the supply- 
demand equilibrium and takes into account issues of fuel cell long- 



term durability and actual constraints regarding electrolyzer 
operation and energy efficiency considerations. Mohan Kolhe et al. 
[5] probed a feasibility study of an off-grid hybrid renewable 
energy system for supplying electricity to a rural community in 
Siyambalanduwa region in Sri Lanka. Optimum sizing of each 
component in the PV, wind, battery and diesel generator hybrid 
system is done using the HOMER software. A multi-input power 
converter (MIPC) consisting of a dc-dc converter and a dc-ac 
inverter for hybrid PV array, wind turbine, proton exchange 
membrane fuel cell (PEMFC) and battery storage (BT) connected 
to AC grid network has been put forward by M. A. Rosli et al [6] 
where P&O method is mainly used to accomplish the maximum 
power point tracking (MPPT) algorithm for PV array. 

For the proposed hybrid systems, the meteorological data of wind 
speed and solar radiation is taken for the Sunderbans, West Bengal, 
India (Latitude 21.9450 o, N and Longitude 88.8958°E) and the 
pattern of consumption of remote residential load profiles are 
studied and suitably modelled for optimization of the hybrid system 
using Hybrid Optimization Model for Electric Renewable 
(HOMER) software. This model analyzes the options for providing 
power to a remote residence. The main source of power is 
Photovoltaic and Wind turbine system, the storage backup system 
is a battery bank and a hydrogen storage fuel cell system. Cost 
analysis of each proposed configuration is then carried out to 
determine the minimal cost system. 

II. SYSTEM COMPONENTS 

A. Photovoltaic panel 

The power output of solar panels at Maximum Power Point (MPP) 
is given by: 



p — V * T 

L PV ~~ v mpp J-mpp 

Vmpp — V m pp re f r * V oc t (Tp - Tp re f r ) 
Impp — Impp,refr * Isct,refr (Tp - Tp re f r ) 



(1) 

(2) 
(3) 



Where, P PV is the panel's power, V mpp is the potential voltage, 
V mpp , re fr is the V mpp at standard condition (V), I mpp and I sct , refr are 
the current at MPP and short circuit current of the panel at STC 
respectively and V oct is the open circuit voltage temperature 
coefficient (V/°c). T prefr is the panel temperature at STC (25 °C) 
and T p is the working temperature of the panel given by: 



T P (t)- T 



a(t) 



+ 



NOCT -20 



800 



G 



(4) 



Where, T a(t) is the panel's ambient temperature (°C), NOCT is the 
Nominal Operating Cell Temperature for solar irradiation of 500 
W/m and 20°C temperature, and G T denotes average daily solar 
irradiation (W/m ). 

Monthly clearness index and radiation for given location is shown 
in Table I. 
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TABLE I. MONTHLY SOLAR RADIATION 
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Fig. 1. Solar resource 

B. Wind Turbine 

At height 'h', the wind speed is given by: 

V t0 = V rt0 (f )P (5) 

Where, V rt0 is the wind speed at height of h p and p is the power-law 
exponent (0.14 to 0.25). Accordingly, the output power of the 
turbine, P wt(t) , as follows: 



f av 3 (t) - bP R V cin < V < V rt 



Pwt(t) - *N 



R 



V rt < V < V 



cout 



(6) 



0 



Where, a = 



R 



v v rt v cm J 



, b = 



otherwise 



v 3 

cm 

(V 3 - V 3 ^ 
v v rt v cm J 



and P R is the the wind turbine rated power and V cin , V rt , V cout are 
the cut-in, rated and cut-out wind speed of the wind turbine, 
respectively. 

In this model Generic lOkW wind turbine is used. The estimated 
lifetime is 15 years and hub height is 25 meters. The monthly 
available wind speed of study region is shown in Table II. 

TABLE II. MONTHLY WIND SPEED DATA 



Month 


Wind Speed (m/s) 


January 


3.75 


February 


3.28 


Mar 


3.44 


April 


3.25 


May 


3.56 
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Fig. 2. Wind resource 
C. Hydrogen storage fuel cell 

Fuel Cell (FC) is available in different configurations, power 
ranges, type of electrodes and operating characteristics. PEMFC 
basically contains two electrodes, the anode and the cathode, 
separated by a solid membrane. Excess available power goes to an 
electrolyzer which produces hydrogen gas, which in turn goes to a 
storage tank for consumption by the fuel cell as and when required. 
Air is continuously fed to the cathode and hydrogen to the anode. 
The internal chemical reaction is : 



H 2 + -0 2 



-> H 2 0 (7) 

The consumption of hydrogen during a period of one hour at rated 
power P FC kW is given by, 



HY FC = [ (P FC * 3600) / (2V FC * F )] 



(8) 



where. 



HY FC = the amount of hydrogen consumed by FC 
P FC = output power of FC 
V FC = output voltage of FC 

D. Electrolyzer 

Hydrogen gas can be produced by the decomposing water into its 
rudimentary constituents by passing electrical current through the 
electrolyzer. Multiple cells are connected in series in a water 
electrolyzer whose electrodes are separated by an electrolyte. 
Decomposition of water into hydrogen and oxygen takes place as 
per the following equation : 

H 2 0 + electricity — ► H 2 + X - 0 2 (9) 

According to Faraday's law, amount of hydrogen produced by P FC 
kW electrolyzer in one hour can be calculated as per : 

HY ele = [(P ele * 3600) / (2 * V ele * F)] mole/h 1 (10) 

where, HY ele = amount of hydrogen produced by electrolyzer 
P e ie = rated power of electrolyzer 
V e ie = working voltage of electrolyzer 
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E. Hydrogen tank 

During times of excess supply, hydrogen gas produced by the 
electrolyzer provides a medium for storage of surplus solar energy. 
The energy stored in the hydrogen tank is calculated by: 

Etank(t) = 

Etank(t-l) + (P EL -tank(t) * At) - (P tank . FC (t) * At * r, storage ) (11) 

Where, P tan k-Fc is the power transferred from the hydrogen tank to 
the fuel cell, At denotes simulation step time and r| storage is the 
storage efficiency of the system (-95%). 
The mass of stored hydrogen, at any time step t, is calculated as 
follows: 



M 



storage 



n storage 

x) ~ HHV H2 



(t) 



(12) 



where, the Higher Heating Value (HHV H 2) of hydrogen is equal to 
39.7 kWh/kg. 

F. Battery 

Due to the stochastic nature of photovoltaic system, energy storage 
is needed to supply the load on demand by storing energy during 
periods of high bright sun. When the total output of the PV array is 
more than the energy demand, the battery bank is charged. 
The imported power in battery is calculated by: 

AP(t) = P ren (t) - P L (t) (13) 

where, P ren (t) is the total energy that has been generated by 
renewable resources and P L (t) is equal to: 



P L (t) = 



PLoad 00 



11 



(14) 



inv 



where, PLoad(t) is the desired power and r| inv is the efficiency of the 
DC/AC converter. 

The Trojan T-105 battery parameters used in the proposed system 
is shown in Table 5. 

TABLE III. BATTERY PARAMETERS 



Properties 


T-105 Battery 


Nominal Capacity 


225 Ah 


Nominal Voltage 


6 V 


Round trip efficiency 


85% 


Minimum state of charge 


30% 


Maximum charge rate 


1 A/Ah 


Maximum charge current 


11 A 


Float life 


10 yrs 


Lifetime throughput 


845 kWh 



G. DC -AC Converter 

It is employed to convert the DC power generated by a hybrid 
system into AC power with desired frequency. The amount of 
power injected to the load by converter is given by, 

Pinv-Load — (PpCinv PRen-inv) ^linv (1~0 

where, r| inv is the inverter's efficiency (-90%). 
III. LOAD PROFILE 

A stand alone load consuming 3 kWh of energy per day and 472 
W p is considered for analytic study. The hourly load profile and 
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seasonal data are shown in Fig. 3 and Fig. 4 respectively. Both 
these data are presumed to remain constant during each hour. 
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Fig. 3. Daily load profile 

Seasonal Profile 
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Fig. 4. Seasonal load profile 
IV. METHODOLOGY 

The HOMER Software tools help in the dealing of optimization, 
modelling and simulation of the proposed system. Here we are 
proposing three different models for study. Cost summary of 
proposed systems is shown in table IV. 

TABLE IV. COST SUMMARY 



Componenl 


Rating 


Capita 
Cost 
($/unit 


Replacemen 
Cost 
($/unit) 


O&M 
Cost 

($/yr 


Lifetim 

(years) 


1 

(%) 


PV Panel 


1 kW 


7000 


6000 


20 


20 


13 


Wind 
Turbine 


10 kW 


19400 


15000 


75 


15 




Electrolyzer 


1 kW 


2000 


1500 


25 


20 


85 


Hydrogen 
Tank 


1kg 


1300 


1200 


15 


20 




Fuel Cell 


1 kW 


750 


600 


219 


5 


50 


Battery 


6 V, 
225 Ah 


150 


150 


10 


10 


85 


Converter 


1 kW 


800 


750 


8 


15 


90 



A. Photovoltaic-Fuel Cell Hybrid System 

Case A proposes a hybrid renewable energy system which consists 
of Solar Photovoltaic arrays, hydrogen storage fuel cell and battery 
(Fig. 5). Main source of power is Photovoltaic and the storage 
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backup systems are a battery bank and a hydrogen storage fuel cell 
system. The life time of this system is assumed to be 20 years. 




« — — 
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V. SIMULATION RESULTS 



1 ) Case A 



The optimization result of the Photovoltaic -Fuel cell Renewable 
Hybrid System is shown in Fig. 8, which shows the optimized unit 
size and number of required units of each component in the 
proposed system. Fig. 9 shows the result of monthly average 
electric production simulation. 
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Fig. 5. HOMER model of Photovoltaic -Fuel Cell hybrid system 
B. Wind-Fuel Cell Hybrid System 

For Case B, hybrid renewable energy system components are 
Generic 10 kW wind turbine, Hydrogen storage Fuel cell and 
Battery (Fig. 6). In this case main source of power is wind turbine. 
Storage backup system used here is a battery bank and a Hydrogen 
storage fuel cell system. Rated power of wind turbine is lOkW and 
the hub height is 25 meters. 
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Fig. 6. HOMER model of Wind-Fuel Cell hybrid system 

C. Photovoltaic -Wind- Fuel Cell Hybrid System 

For Case C, hybrid renewable energy system components are solar 
photovoltaic arrays, a Generic 10 kW Wind turbine, a Hydrogen 
storage Fuel cell and a Battery (Fig. 7). In this case main source of 
power is solar PV energy and wind turbine. Storage backup system 
used here is a battery bank and a Hydrogen storage fuel cell 
system. 
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Fig. 7. HOMER model of Photovoltaic -Wind-Fuel Cell hybrid 

system 



Fig. 8. Optimization result for Photovoltaic -Fuel Cell hybrid 

system 
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Fig. 9. Simulation result for PV-Fuel Cell hybrid system 
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Fig. 10. PV cell output simulation result 

Fuel Cell Output 




Fig. 11. Fuel cell output simulation result 



2 ) Case B 



The Optimization results of Wind-Fuel hybrid system is shown in 
Fig. 12. It shows the optimal unit size and number of units of each 
component in this system. Fig. 13 shows the monthly average 
electric production simulation result. Fig. 14 and Fig. 15 show the 
wind turbine output and fuel cell output results. 
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Fig. 12. Optimization result for wind fuel cell hybrid system 
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Fig. 13. Simulation result for wind fuel cell hybrid 

Generic 10kW Output 




Fig. 14. Wind turbine output simulation result 
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Fig. 15. Fuel cell output simulation result 



3) Case C 



The Optimization results of Photovoltaic Wind-Fuel Cell hybrid 
system shown in Fig. 16 reveals the optimized unit size and 
number of units of each component in this system. Fig. 17 shows 
the monthly average electric production simulation result. Fig. 18, 
Fig. 19 and Fig. 20 show the PV panel output, Wind Turbine output 
and Fuel cell output results respectively. 
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Fig. 16. Optimization result for photovoltaic wind fuel cell hybrid 

system 



ISSN :2277-1581 
01 August 2015 



5 



1.0 



0.5 



3.3 



Monthly Average Electric Production 



Jan Fab Mar Apr May Jun Jul Aug 




='•:' 

— Wind 

— FleI Cell 



Fig. 17. Simulation result for PV-Wind-Fuel Cell hybrid system 
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Fig. 18. PV cell output simulation result 
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Fig. 19. Wind turbine output simulation result 
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Fig. 20. Fuel cell output simulation result 
VI. OPTIMIZATION RESULTS 

The proposed model gives the comparative analysis of Hybrid 
Photovoltaic-Fuel Cell, Hybrid Wind-Fuel Cell system and Hybrid 
Photovoltaic-Wind-Fuel Cell system providing power to remote 
residential loads in the Sunderbans. The two possible sources of 
power are Photovoltaic and Wind turbine system and the two 
possible storage media are a battery bank and a hydrogen storage 
fuel cell system. The optimization results, emissions and Electrical 
Production and Consumption of the proposed renewable hybrid 
energy systems are shown in Table V, Table VI and Table VII 
respectively. 
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TABLE V. OPTIMIZED SYSTEM COMPONENTS 
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TTvlifiH 

RES 
Component^^^ 


Optimized Unit Size 


Case A 
(PV-Fuel Cell) 


CaseB 
(Wind-Fuel 
Cell) 


CaseC 
(PV-Wind-Fu< 
Cell) 


PV Cell 


I KW 




U.J KW 


Wind Turbine 




lOkW- 1 No, 


10 kW - 1 No. 


Fuel Cell 


0.1 kW 


0.1 kW 


0.1 kW 


Battery 


8 Nos. 


24 Nos. 


8 Nos. 


Hydrogen Tank 


1kg 


1kg 


1kg 


Electrolyzer 


0.5 kW 


1.5 kW 


1 kW 


Converter 


1 kW 


0.5 kW 


1 kW 



TABLE VI. EMISSIONS (KG/YEAR) 



Hybrid RES 
Pollutant ^""^^ 


PV-Fuel Cell 

System 


Wind-Fuel 
Cell System 


PV-Wind-Fue 
Cell System 


Carbon dioxide 


0.181 


0.317 


0.376 


Carbon monoxide 


0.115 


0.202 


0.239 


Unburned hydrocarbon* 


0.0128 


0.0224 


0.0265 


Particulate matter 


0.00868 


0.0152 


0.018 


Sulphur dioxide 


0 


0 


0 


Nitrogen oxides 


1.03 


1.8 


2.13 



TABLE VII. ELECTRICAL PRODUCTION AND 

CONSUMPTION 



Case A : PV-Fuel Cell System 


Production 


kWh/yeai 


% 


Consumption 


kWh/ 
year 


% 


PV Array 


2416 


98 


AC Primary Load 


1090 


57 


Fuel Cell 


52 


2 


Electrolyzer load 


822 


43 


Total 


2469 


100 


Total 


1912 


100 


Case B : Wind-Fuel Cell system 


Production 


kWh/yeai 


% 


Consumption 


kWh/ 
year 


% 


Wind Turbin 


5111 


98 


AC Primary Load 


1095 


43 


Fuel Cell 


92 


2 


Electrolyzer load 


1442 


57 


Total 


5203 


100 


Total 


2537 


100 


Case C : PV- Wind-Fuel Cell system 


Production 


kWh/yeai 


% 


Consumption 


kWh/ 
year 


% 


PV Array 


604 


10 


AC Primary Load 


1095 


39 


Wind Turbine 


5111 


88 


Electrolyzer load 


1714 


61 


Fuel Cell 


106 


2 








Total 


5821 


100 


Total 


2809 


100 



TABLE VIII. COST ANALYSIS 



^-^^Hybrid RES 
Cost ^^^^-^^ 


PV-Fuel Cell 

Sv^tPTVl 
kJJ 3LC111 


Wind-Fuel 


PV-Wind-Fuel 

f^pll Sv^tPIYl 


Initial Capital (Rs.) 


11,34,289 


19,41,409 


18,19,492 


Operating Cost 
(RsVyear) 


21,791 


93,336 


57,471 


Total NPC (Rs.) 


13,05,034 


31,34,958 


25,53,955 


Cost of Energy 
(RsVkWh) 


153 


234 


183 



VII. CONCLUSION 

The proposed model gives the comparative analysis of Hybrid 
Photovoltaic-Fuel Cell, Hybrid Wind-Fuel Cell and Hybrid 
Photovoltaic-Wind-Fuel Cell system providing power to remote 
residential loads in inaccessible areas of the Sunderbans. Solar 
photovoltaic and wind turbine system are the considered sources of 
power, with a battery bank and a hydrogen storage fuel cell system 
as the two possible storage media. HOMER simulation results of 
all the three proposed hybrid systems reveal that for the particular 
location in the Sunderbans, PV-Fuel Cell hybrid system is more 
economical and feasible compared to the other two systems, under 
specific meteorological conditions. 
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